We have applied the full-potential linearized augmented plane-wave (FLAPW) ab initio method and the spd tight-binding (TB) model to the calculations of the surface energies E S ͑hkl͒ and relaxations of the three low-index [ (111), (100), (110)] surfaces of platinum. The two methods give similar results, and in particular the anisotropy ratios E S ͑110͒ / E S ͑111͒ and E S ͑100͒ / E S ͑111͒ are very close. The calculation of surface energy of reconstructed ͑1 ϫ 2͒ Pt(110) confirms that this face undergoes a missing-row reconstruction and the corresponding structural parameters agree well with experiment. The local densities of states (LDOS) calculated by each of the methods on the flat surfaces are almost the same. We have also investigated the 6͑111͒ ϫ ͑111͒ vicinal surface and found a similar agreement for the LDOS.
I. INTRODUCTION
The surface energy represents a fundamental property of materials. It is defined as the energy (per surface atom or per unit surface area) needed to split an infinite crystal into two semi-infinite crystals bounded by a crystallographic plane with a given orientation. A variety of experimental techniques has been developed to measure the surface energy, 1 but all measurements are performed at high temperatures where surfaces are badly defined. Most experimental data 2, 3 stems from surface tension measurements in the liquid phase and by extrapolating the orientation-averaged surface free energies to zero temperature. However, a detailed knowledge of surface properties is necessary to predict the equilibrium shape of a mesoscopic crystal and is important for the understanding of a wide variety of phenomena such as catalysis, surface reactivity, growth, creation of steps and kinks on surfaces, etc.
The lack of experimental data can be replaced by calculations of different kinds. Generally, two main types of calculations are used, based either on semi-empirical potentials [embedded atom model (EAM), 4 second moment approximation (SMA), 5 effective medium theory (EMT), 6 Sutton-Chen and Finnis-Sinclair potentials 7 ] or on the determination of the electronic structure from density functional theory (DFT) or parametrized Hamiltonians such as tight-binding (TB) models. The first calculations of the surface energy of transition metals were performed using the TB scheme based on a pure d band model. [8] [9] [10] These first results gave an interpretation of the roughly parabolic variation of surface energies along the transition-metal series since, for these elements, the cohesive properties of the solid are governed by the d electrons. Quantitative results were found for elements that are not too close to the beginning or the end of the series. On the contrary, when the d band is almost filled or empty, the sp band plays a non-negligible role in the cohesive properties and thus the results obtained with a pure d band were, at best, qualitative. 10 In order to improve the model, spd tightbinding methods were developed. 11 Due to the development of the DFT during the last two decades, ab initio methods can now be used to calculate many physical properties with unprecedented accuracy. Methfessel et al. 12 have done a pioneering work in determining the surface energy, work function, and relaxation for the whole series of bcc and fcc 4d transition metals, using a full-potential version of the linear muffin-tin orbital (FP-LMTO) method in conjunction with the local density approximation (LDA) to the exchange-correlation potential. In the same spirit, Skriver and co-workers 13, 14 have used a LMTO technique to determine the surface energy and the work function of most of the elemental metals. For Pt, a first attempt has been done by Feibelman using LDA in a basis of contracted Gaussian orbitals. 15 Vitos et al., 16 using fullcharge Green's function LMTO technique in the atomic sphere approximation (ASA) in conjunction with the generalized gradient approximation (GGA), have elaborated a very useful database that contains the low-index surface energies for 60 metals of the periodic table, but neglecting atomic surface relaxation. In the last decades, several fullpotential linearized augmented plane-wave (FLAPW) calculations have also been carried out for the 3d and 4d transition metals. 16 In contrast, the 5d series has been much less studied with this method except for tungsten surfaces. 17, 18 The two methods, ab initio or TB, have their own advantages and drawbacks. The strength of ab initio calculations is their high transferability and predictive power, but they remain, compared with TB methods, lengthy and are usually restricted to systems with a limited number of inequivalent atoms. TB calculations mostly rely on some parameters whose transferability has sometimes been questioned but which can produce quantitative results for systems with a large number (up to a few thousands) of geometrically inequivalent atoms. Thus TB methods open up the possibility of studying rough surfaces, homoepitaxial growth, step flow growth, surface melting, or cluster deposition. Indeed such problems would be difficult to model with ab initio methods due to the CPU time required even on very powerful computers. In any case before using a set of TB parameters in such systems, it is necessary to first check that this set produces results in good agreement with ab initio calculations on simple systems.
In this work, we have mainly investigated the low-index surface energies of platinum. Indeed, the study of low-index surfaces is a prerequisite to that of vicinal surfaces of platinum which are often used as a template to construct selforganized structures such as nanowires 19, 20 displaying specific magnetic or electronic properties. Moreover, strong couplings between these nanostructures and the substrate could occur. A detailed knowledge of the electronic properties of such surfaces is thus needed for future work. Here, we focus on the main crystallographic faces of platinum [(111), (100), and (110)]. In particular, we have calculated the surface energies E S ͑hkl͒ and compared the results given by an ab initio method based on a full-potential scheme to a spd TB model. In addition, we have also investigated the missing-row reconstruction of the (110) surface and the 6͑111͒ ϫ ͑111͒ vicinal surface. 21 This paper is organized as follows. In Sec. II, we summarize briefly the two methods. In Sec. III the results are presented and discussed. Concluding remarks are given in Sec. IV.
II. COMPUTATIONAL METHODS

A. The FLAPW method
The results were obtained with the FLAPW in bulk and film geometry 22 as implemented in the computer code FLEUR, 23 based on density functional theory in LDA or GGA. For LDA we used the exchange-correlation (XC) potential of von Barth and Hedin, 24 and for GGA the version of Perdew et al. 25 The surfaces were modeled by slabs with n ͑n ജ 11͒ atomic layers of Miller indices ͑hkl͒. The Pt muffin-tin radius was set equal to 2.3 a.u. ͑1.219 Å͒. Inside each muffintin sphere, the charge density and the potential were expanded in spherical harmonics with angular momentum up to l = 8. Throughout this paper, the total-energy results have been obtained using basis functions including wave vectors up to k max = 4 a.u. amounting to around 130 basis functions per atom. Within the irreducible wedge of the twodimensional Brillouin zone (BZ), eigenvalues and eigenvectors were calculated using different sets of Monkhorst-Pack 26 k or k ʈ points. The calculations of bulk Pt were performed with 216 k points in the irreducible wedge of the threedimensional BZ. In order to keep an equivalently dense mesh in the two-dimensional BZ (2DBZ) we used a special k ʈ -point set of 57 points within 1 / 6 of the 2DBZ for the (111) face, 48 k ʈ points within 1 / 4 of the 2DBZ for the (110) face and 36 k ʈ points within 1 / 8 of the 2DBZ for the (100) face. Self-consistency was achieved when the root-meansquare difference between the input and the output charge densities was less than 2 ϫ 10 −4 electrons/ ͑a.u.͒ 3 , which has been proved to be sufficient.
B. The spd tight-binding method
Let us briefly describe the spd TB model for platinum. A nonorthogonal minimal basis set of s, p, and d valence atomic orbitals ͉i͘ is assumed, ͉i͘ denoting the orbital centered at site i. Indeed platinum is at the end of the 5d series and s and p electrons, which are better described in a nonorthogonal scheme, play a significant role in cohesive properties. In this basis, solving the Schrödinger equation requires the knowledge of the matrix elements (on-site and intersite) of the Hamiltonian and of the overlap matrix. The intersite matrix elements of the Hamiltonian are limited to two-center integrals. All these matrix elements are assumed to obey given functional forms as a function of the interatomic distance including parameters that are determined using a nonlinear least mean square fit on ab initio bulk band structure and total-energy curve for typically 4-6 interatomic distances and two crystallographic structures, bcc and fcc. The corresponding functional forms and parameters can be found in Ref. 11 . One should note that these parameters are obtained from systems in which all atoms are neutral since they are geometrically equivalent. When this is not the case, for instance, in the presence of a surface, a shift ␦V i is added to the on-site terms in order to account for the effect of the charge redistribution occurring at the surface. However, the nonorthogonality leads to a generalized eigenvalue problem. In this case it is well known that a rigid shift of the on-site matrix elements of the Hamiltonian does not produce a rigid shift of the eigenvalues. 27 The potential that must be added to the Hamiltonian matrix H ij to produce a rigid shift ␦V 0 of the eigenvalues has the following expression in the atomic orbital basis: 27
where S ij is the overlap integral between orbital ͉i͘ and orbital ͉j͘. The generalization of this formula to the case of an inhomogeneous system is straightforward:
͑2͒
Of course one has to subtract the double counting term due to electron-electron interactions, which has exactly the same expression as in the orthogonal case, i.e.,
͑3͒
where N val , N i , and ␦N i are, respectively, the total number of valence electrons per atom of the metal, the Mulliken population of atom i, and its Mulliken net charge. As in Ref. 28 the following relation,
͑4͒
has been assumed with U = 5 eV. The local charges ␦N i are determined self-consistently and obey ͚ i ␦N i = 0. Consequently the double counting term in the total energy reduces to
The summations over the 2DBZ, involved in the TB calculations, were performed using 135, 136, and 256 Cunningham special k ʈ points 29 in the irreducible wedges of the (111), (100), and (110) 2DBZ, respectively.
III. RESULTS
In this section, we present all the results we have obtained using the full-potential method and the spd TB method. The bulk structural features calculated with the two methods agree well with the available experimental data. With the computer code FLEUR, we have determined the theoretical Pt bulk lattice constant, a 0 , and bulk modulus, B 0 , to be equal to 3.89 Å and 3.14 Mbar, respectively, within the LDA approximation, and to 3.98 Å and 2.59 Mbar, respectively, within the GGA approximation. These values are in good agreement with the experimental values of 3.92 Å and 2.78 Mbar, 30 respectively. Nevertheless, as mentioned in other works, [31] [32] [33] [34] we find that LDA offers better agreement for the lattice constant (−0.43% compared to experiment) than GGA (+1.71% compared to experiment). In addition the bulk modulus is overestimated (underestimated) with LDA (GGA). This is clearly connected to the underestimation (overestimation) of the lattice parameters obtained with LDA (GGA). Within the spd TB theory, the calculated lattice parameter is 3.90 Å. This value only differs by 0.25% from the experimental one. The bulk modulus ͑3.06 Mbar͒ is close to the value obtained with LDA. This was rather expected since the TB parameters have been fitted to LDA calculations.
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The calculated lattice parameters will be used in the following.
A. Electronic structure of the low-index surfaces
We start this study by considering unrelaxed surfaces, and first we compare the band structures obtained for the (111) face of platinum using ab initio and TB methods. The agreement is almost perfect, up to 5 eV above the top of the d band, for the projected bulk band structure as well as for the dispersion curves of the surface states present in the gaps (Fig. 1) . Another interesting quantity describing the surface electronic structure is the local density of states (LDOS) on atoms belonging to successive layers. In both methods they are defined starting from the LDOS n͑r , E͒ at point r:
where n ͑r͒ and E n are the eigenfunctions and the eigenvalues, respectively. In the FLAPW method the LDOS at site i is defined as the integral of n͑r , E͒ over the muffin-tin sphere S i centered at site i, i.e.,
In the TB approach, n ͑r͒ is written as a linear combination of atomic orbitals ͉i͘ with coefficients c i ͑E n ͒. The total density of states is obtained by integrating Eq. (6) over the whole space. This can be written
thereby defining the LDOS n i ͑E͒ as
͑9͒
Thus the LDOS calculated with the two methods are not expected to be strictly the same.
In Fig. 2 , we present the LDOS n i ͑E͒ for two different sites i of the three different faces using the two methods (note that they have been renormalized). The shapes of these LDOS are very similar. In both methods we observe the well-known overall narrowing of the LDOS on surface atoms. However, the amplitudes of the LDOS are slightly different especially at the Fermi level. Indeed, in any case the LDOS are dominated by the d electron contribution and should be very similar when these electrons are almost completely contained inside the S i sphere. In the present case around 80% of the d electrons are inside S i (see Table I ). This is the reason for the similarity of the LDOS obtained with the two methods. However, the d wave functions near the Fermi level have an antibonding character and thus extend less outside S i . This qualitatively explains the differences found near the Fermi level. This argument was checked in detail for bulk Pt where the density of states (DOS) of both methods are in perfect agreement.
In order to go further in the comparison between the two methods, we have analyzed the distribution of the charge between the s, p, and d orbitals in the muffin-tin sphere (MTS) of the FLAPW method and in the s, p, and d orbitals of the TB basis set. In Table I , we present the number of electrons in each orbital for the bulklike atom (C), the surface (S), and subsurface ͑S−1͒ atoms. Note that the MTS volume is about half the atomic volume. The comparison between the total populations per atom given by TB and in the MTS given by FLAPW shows that the d electrons are strongly localized in the MTS, as stated above, while the s and p electrons are almost equally shared in the MTS and in the remaining volume. Moreover, it is worthwhile to observe that on the surface atoms of the three surfaces there is a decrease of the total charge in the MTS, this change being mainly due to the decrease of the p population.
We have also calculated the work function (at 0 K) for each surface orientation with the FLAPW method using the film geometry. Unfortunately, the spd TB method does not 
Note however, that the (110) surface exhibits a ͑1 ϫ 2͒ reconstruction at equilibrium. These inequalities can be explained on the basis of geometric considerations. In general, one expects the work function to decrease as the surface becomes more open due to the smoothing of the modulation of the electron density at the surface. This argument apparently applies to Pt surfaces. Finally, compared to the work functions of Skriver and Rosengaard, our values are closer to experiment since it is known that the work function decreases slightly with temperature. It should also be mentioned that reconstruction could modify the work function value. In particular the (100) surface is metastable and can undergo several reconstructions, the ͑1 ϫ 5͒ being the most common one.
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B. Surface energies of low-index surfaces
Let us now discuss the surface energies of the three main flat surfaces. In a first step, no atomic relaxation has been allowed. In the FLAPW approach, a 13-layer slab was used to model the (111) surface, 15 layers for the (100) orientation, and a 19-layer slab for the (110) surface. These slabs are repeated periodically and separated by 5, 5, and 8 vacuum layers for the (111), (100), and (110) surfaces, respectively. Within the spd TB method, 13-layer slabs were used for (111) and (100) surfaces and 17 layers for the (110) surface. In both cases it was checked that increasing the number of layers does not change the surface energy significantly. The surface energies per surface atom were then defined by
where E hkl ͑n͒ is the total energy per unit cell of the slab, and E bulk is the bulk energy per atom and n is the number of atomic layers in the slab. Note that for the calculation of surface energies, the determination of the bulk energy is critical. This energy can be extracted from a true bulk calculation or from the difference of two slab calculations. We have checked that both procedures give the same results if the number of layers is large enough to achieve the energy convergence. The different results are listed in Table III . The values reported previously by Vitos et al., 16 Galanakis et al., 37 Actually, the surface energy may be sensitive to the technical details and approximations made in the calculation. Thus we have carried out several computations in order to check the accuracy of our results. First, we have verified the convergence with respect to the number N k ʈ of k ʈ points. Indeed, in Ref. 38 , the authors have shown that, at least for the (111) face, the surface energy is very sensitive to N k ʈ (Fig. 2 of Ref. 38) . We have recalculated the surface energy of the (111) face with N k ʈ = 300 instead of 57 within the LDA. The value obtained ͓1.12 eV/ ͑surface atom͔͒ is similar to the one previously calculated ͓1.10 eV/ ͑surface atom͔͒, i.e., the convergence was achieved since these two energies differ only by 2%. This feature contrasts with the study of the noble metals done by Galanakis et al. in which the value of the surface energy was much more sensitive to N k ʈ . As explained in Ref. 37 , unlike the (111) surface of fcc transition metals, noble metals exhibit an occupied surface state centered at the ⌫ point just above the d band, and thus a very dense k ʈ -point grid is needed in the calculations of the slab total energy for the latter elements.
Second, still considering the (111) face, we have also tried to estimate the effect of spin-orbit (SO) coupling and also of relativistic corrections of MacDonald and Vosko 39 introduced in the XC potential in LDA. Indeed, these corrections may be important for the heavy elements of the 5d series. We have first recalculated the lattice parameter introducing the SO coupling. For LDA ͑3.91 Å͒, the agreement with the experimental value becomes as good as the one obtained with spd TB method while in GGA we get 4.01 Å. The relativistic corrections to the XC potential do not modify the values of the surface energy obtained previously. In contrast, the surface energy is more sensitive to the introduction of the SO coupling since it leads to an energy equal to 0.90 eV/ ͑surface atom͒. This decrease of the surface energy can be understood qualitatively using a simple TB model limited to the d band. In this model the total energy is split into two contributions, a band term and a repulsive term, 8 the former being the leading one. In the usual approximation where only intra-atomic matrix elements of the spin-orbit coupling interaction are taken into account, the second moment of the LDOS of an atom in the (111) surface and in the bulk are respectively 9␤ 2 +3 2 / 2 and 12␤ 2 +3 2 / 2, where ␤ is an effective hopping integral between nearest neighbors 40 and the spin-orbit parameter. The ratio of the band contribution to the surface energy with and without spin-orbit coupling is given by 8 can be found in the literature. 24, 42, 43 We have compared in Table IV the surface energy and the work functions of Pt(100) using a number of these potentials. Note that we have used the same lattice parameter, namely the experimental one ͑3.92 Å͒. The four XC potentials give almost the same surface energy, the largest difference being of the order of at most 2%. Note that the work functions depend more strongly on the choice of the XC potential, as was already mentioned by Alden et al. 44 for Ni(100).
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Fourth, the cutoff ͑k max ͒ of the wave vector in the planewave expansion of the wave functions may be too small to describe the wave functions outside the MTS. For the (100) face, we have done a calculation with k max = 4.8 a.u. in order to check the validity of our first choice. With this new cutoff, the surface energy is also equal to 1.50 eV/ atom. Thus increasing k max does not modify the surface energy.
According to these checks, LDA seems to be a good compromise to get a realistic description of platinum surface energies. In addition, LDA gives better agreement with experiment for the atomic volume. Note, however, that, as already stated the bulk modulus is better described in GGA. These slight differences have been already largely discussed in the literature. 45, 46 Nevertheless, it should be noted that the anisotropy ratios E S ͑hkl͒ / E S ͑111͒ given by LDA and GGA (Fig.  3) are almost the same while spd TB gives slightly larger values. Galanakis et al. 37 have suggested that the transitionmetal surfaces usually follow the broken-bond rule but with larger deviations than for noble metals because their d band is not filled and their LDOS present peaks at the Fermi level depending on the surface orientation. The number of nearestneighbor bonds broken by the surface is 3, 4, and 6 for the (111), (100), and (110) orientations, respectively. Actually LMTO, FKKR, and FLAPW give results very close to 4 / 3 for E S ͑100͒ / E S ͑111͒ and to 6/3=2 for E S ͑110͒ / E S ͑111͒. In the following, we will only present results corresponding to LDA calculations and compare them with those obtained with the spd TB method.
The relaxation of the three flat surfaces has also been investigated. The relaxation of the interplanar distance between planes i and j is expressed as the ratio ⌬d ij = ͑d ij
, where d ij is the interlayer spacing between the layers i and j, and d 0 is the interlayer spacing distance in the clean unrelaxed surface. Within the spd TB method, all layers were relaxed whereas in the case of the FLAPW method, only the three outermost layers were allowed to move. We have verified the validity of this assumption on the (100) face considering the relaxation of a larger number of planes. In Table V the structural parameters and the relaxed surface energies are presented. As expected, the surface energies of relaxed surfaces are slightly smaller (from −0.07% to −6.5%) with respect to the unrelaxed cases, the largest deviation being observed for the most open (110) surface. Indeed the (110) surface exhibits a large inward contraction of the first interlayer spacing by −14% (FLAPW) or −16.7% (spd TB), and an expansion of the second interlayer spacing by +8.3% (FLAPW) or +12.4% (spd TB). Note that the FLAPW results are very similar to those obtained by Jenkins et al. 47 using another ab initio code, and that the spd TB model has a tendency to overestimate the contractions or expansions of the distance between the layers. On the (111) face, both approaches agree in predicting an outward relaxation of the top layer (also verified by experiments 48 ). Whereas it reaches a value of +3.8% with spd TB, it amounts to only +1.3% with the FLAPW, in very good agreement with the experimental results of Materer et al. 48 For the (100) face, contrary to the two former ones, the spd TB model seems to underestimate the first interlayer contraction compared to FLAPW but once more, the general tendencies are similar.
In the case of platinum, it is nowadays well known and observed experimentally, as well as found theoretically, that the (110) face exhibits a ͑1 ϫ 2͒ missing-row reconstruction. The experimental studies reveal a considerable variation of the first interplanar distance: −0.26 Å or −0.28 Å by lowenergy electron diffraction, 49, 50 −0.42 Å by x-ray photoemission diffraction, 51 and −0.5± 0.1 Å by neutral impact collision ion-scattering spectroscopy. 52 On the theoretical side, a TABLE VI. The relaxed structural parameters for the reconstructed Pt͑110͒-͑1 ϫ 2͒ surface [P i denotes pairing displacements in the ith row; ␦ 3 denotes buckling in the third Pt layer (see Fig. 4) ]. 4 . Schematic drawing of the geometry of the missing-row structure for the ͑1 ϫ 2͒ Pt(110) surface. Shaded circles correspond to the relaxed positions and empty circles the unrelaxed ones.
Slater-Koster parametrized TB scheme 53, 54 predicted rather smaller relaxations, whereas the EAM 55, 56 and FLAPW 57 methods gave results comparable to most of the experimental values. We have also studied this reconstructed structure by means of our two approaches. In order to go further than Lee et al., 57 who also used a full-potential technique but with slabs of seven layers only, we have modeled the ͑1 ϫ 2͒ Pt(110) surface by a single slab consisting of eleven layers instead of seven. This choice was made in order to decrease finite size effects that are present in the Lee et al. calculations since their results show that the atoms belonging to the central layer have an atomic environment still significantly perturbed from the bulk one. On the surface layer on each side of the slab the missing-row structure was assumed and the slab was repeated periodically with 8 vacuum layers (Fig.  4) . With the FLEUR code the Kohn-Sham equation was solved at 24 k ʈ points within the irreducible wedge of the 2DBZ. The spd TB calculations were carried out for a 17-layer slab using 64 k ʈ points. Our results for the structural parameters are presented in Table VI . The outermost interlayer spacing shows a significant contraction of ⌬d 12 = 18.6% (FLAPW) and ⌬d 12 = 26% (spd TB) with respect to the bulk distance.
In addition, a large vertical buckling ␦ 3 in the third layer, and a lateral row pairing in the second ͑P 2 ͒ and fourth ͑P 4 ͒ layers are observed. They reproduce, especially within the FLAPW approach, the calculations of Lee et al. 57 and Jenkins et al. 47 and corroborate the experimental findings. Table VII gives the surface energy per ͑1 ϫ 2͒ unit cell for the ideal and reconstructed Pt(110) in the relaxed and unrelaxed cases. The reconstruction energies, namely the surface energy difference between the ͑1 ϫ 2͒ and ͑1 ϫ 1͒ phases per ͑1 ϫ 2͒ unit cell, are also reported. The two methods conclude to a stabilization of the system by the missing-row reconstruction. Relaxation reinforces this behavior. The surface energies obtained by the TB method tend to overestimate the reconstruction energies especially if one compares the relaxed value ͑−0.47 eV͒ to the value given by Jenkins et al. 47 ͑−0.2 eV͒. In contrast, the FLAPW value of the reconstruction energy is in better agreement with the one given by Jenkins et al. Finally, it should be noticed that the surface energies obtained with FLAPW for the ideal ͑1 ϫ 1͒ surface per ͑1 ϫ 2͒ unit cell are not exactly twice those given in Table III (unrelaxed case) and Table V (relaxed case). These slight discrepancies are due to the different number of layers included (11 instead of 17, respectively) and also, may be due the different k ʈ point samplings in the ͑2 ϫ 1͒ and the ͑1 ϫ 1͒ cell.
C. From low-index surfaces to vicinal surfaces
We consider vicinal surfaces presenting a periodic succession of terraces with equal widths, separated by steps of monoatomic height (see Fig. 5 ). Using the simple model proposed by Vitos et al., 58 we have calculated the energies of different kinds of isolated steps. Starting from the (111), (100), and (110) surface energies three effective pair potentials (EPP) V s ͑s =1,2,3͒ can be evaluated using the following relation:
In this expression, n s ͑hkl͒ is the number of broken bonds in the sth coordination shell for a surface of indices ͑hkl͒. Using the surface energies (see Table III ) for each method the values of V 1 , V 2 , and V 3 have been determined and are listed in Table VIII . From these pair potentials, the energy of an isolated step can be expressed as: Cut of a vicinal surface through a plane normal to the step edges: b is the distance between two consecutive steps, b 0 is the distance between two consecutive rows in a terrace, is the misorientation angle and p the number of atomic rows (including the inner edge) parallel to the step edge in a terrace, f is a geometrical factor depending on the vicinal surface, and h is the interplanar spacing along the direction normal to the terraces.
where p characterizes the number of atomic rows (including the inner edge ) parallel to the step edge in a terrace, and f is a geometrical factor depending on the vicinal surface (see Fig. 5 ). The numbers n s ͑p͒ and n s ͑ϱ͒ are the total number of bonds in the sth coordination sphere broken by the vicinal and flat surfaces, respectively. Due to the short range of the EPP, n step,s ͑p͒ becomes a constant as soon as p overcomes a value p ϱ , which is actually very small: most often, according to Vitos et al., 58 p ϱ ഛ 2. Raouafi et al. 59 have shown that the method proposed by Vitos et al. is quite valid if an estimation of step energies to Ϸ10 −2 eV is needed and step-step interactions as well as atomic relaxation are disregarded. Using Eq. (14), we have calculated the step energies corresponding to stepped surfaces with either (111), (100), or (110) terraces. The results are listed in Table IX . The agreement between all results is reasonable for the stepped surfaces with (111) terraces. Considering the vicinal surfaces with (100) terraces, for which the value of V 2 plays an important role, larger differences are found. From Table V it is indeed seen that the value of V 2 is strongly dependent on the surface energy database. For example, using the energy database of Galanakis et al., 38 V 2 is positive, contrary to the other methods. In addition, all calculations give a very small negative step energy on the vicinal surfaces with (110) terraces for steps with (111) ledge orientation. This shows that the ideal (110) surface is not the most stable one as discussed in details in Refs. 58 and 60. Indeed, as stated above, the (110) surface of Pt exhibits a ͑1 ϫ 2͒ missing-row reconstruction.
In order to conclude this study of the platinum surfaces and also to make comparisons between the two methods, we have carried out similar calculations for the unrelaxed 6͑111͒ ϫ ͑111͒ [or (233)] vicinal surface. Figure 6 gives the geometry of this surface and indicates the geometrically inequivalent atoms in the unit cell when the vicinal system is modeled by slabs of 45 layers oriented in the [233] direction separated by 20 vacuum layers. In FLAPW calculations the convergence was achieved using 5 k ʈ points in the irreducible wedge of the 2DBZ and the LDOS were computed with 40 k ʈ points. With the TB method 64 k ʈ points were used in the irreducible wedge. Within TB calculations, E step is found to be equal to 0.815 eV and is very close to the value determined with the EPP approach. FLAPW calculations give a smaller value ͑0.582 eV͒. In Fig. 7 , we present the LDOS of different atoms of the stepped surface. It is seen that the 6 . Cross section by a plane perpendicular to the step edges of the 6͑111͒ ϫ ͑111͒ or (233) Pt vicinal surface. Empty circles correspond to atoms in the plane y = 0 whereas dotted circles correspond to atoms in the plane y = a /2, a being the nearest-neighbor distance. The geometrically inequivalent atoms in the unit cell of the 45-layer slab used in the calculations are labeled from 0 to 22. agreement between TB and FLAPW LDOS is quite good. From the LDOS, we can say that contrary to rhodium for which outer step edges might become magnetic depending on the step geometry, 59 it is unlikely that platinum becomes magnetic at least for this step configuration. Indeed the LDOS at the Fermi level are not enhanced compared to the bulk one even on the outer edge atom. Thus, according to the Stoner model, no local magnetic moment is expected.
IV. CONCLUSION
In this paper we have made a careful investigation of the electronic structure of platinum surfaces by comparing two different approaches. We have used a nonorthogonal basis set of s, p, and d valence orbitals in the tight-binding scheme in order to better describe the cohesive properties of platinum. The sources of uncertainties inherent to DFT calculations have been carefully analyzed in the FLAPW method implemented in the FLEUR code. In particular, LDA and GGA approximations have been investigated. Different exchangecorrelation potentials were tested. Thick slabs were considered in order to definitely rule out finite size effects. In addition, parameters such as the number of k ʈ points, the cutoff k max for the plane-wave expansion, and relativistic effects were also checked. We show that the surface energy of the (111) surface and the relaxation of the three low-index surfaces agree well with the experimental findings using TB as well as FLAPW-LDA methods. An outward relaxation is found for Pt(111) while less close-packed surfaces [(100) and (110)] exhibit inward relaxations. However, it is well known that the (110) surface undergoes a ͑1 ϫ 2͒ missing-row reconstruction and, indeed, the calculated surface energy of this structure is smaller than that of the ideal (110) surface. Following the effective pair potential method developed by Vitos et al., we have calculated the step energies for various step geometries. Finally, we have carried out full calculations on the (233) vicinal surface and found that the LDOS were nearly identical with the LDA and TB methods. In the near future, we would like to extend this study by considering metallic adsorbed species (growth, equilibrium structures, and electronic properties) on flat and stepped Pt substrates.
